A novel fibre composite consisting of natural vegetable fibre as the reinforcer and plasticised natural vegetable fibre as the matrix was studied. By means of cyanoethylation and chlorination, pine sawdust and chopped sisal were converted into thermoplastics and then compounded with sisal and ramie fibres. The natural fibre composite not only exhibits properties similar to those of conventional fibre composites, but also is characterised by easy processing, enviromental frendliness, low cost and capability of tailoring property due to the physically heterogeneous nature.
INTRODUCTION
Fibre reinforced polymer composites have been widely used in many fields mainly because of their high specific stiffness and strength [1] . Recently, with increasing energy crisis and ecological problems, material scientists began to take interest in natural vegetable fibre serving as a substitute for man-made fibre in the composites [2] [3] [4] [5] . In fact, these composites are not environment friendly enough due to the fact that the matrix resins are synthesised products from earth oil and are mostly non-biodegradable. To obtain biologically degradable composites, efforts were made to compound natural fibre with biodegradable polymers like poly-3-hydroxybutyrate (PHB), but the high cost of the polymers is a disadvantage to practical applications [6] .
Considering the existing dilemma, the authors of the present work use modified natural vegetable fibre which can be processed like conventional polymers as matrix to make natural vegetable fibre reinforced plasticised natural vegetable fibre composite. The following benefits will be gained accordingly. (1) As natural fibres are slightly modified as a whole by chemical methods, cost effectiveness characterised by the renewable raw materials is maintained. (2) Fully biodegradable ability is associated with the composite because both the reinforcer and matrix are biomaterials. (3) Instead of chemical heterogeneity of conventional composite materials, physical heterogeneity of the current natural fibre composite is favourable for interfacial interaction, which governs the ultimate performance of composites. Similar example can be found in polyethylene fibre reinforced polyethylene system [7] .
Natural vegetable fibre consists of cellulose, hemicellulose, lignin and a small amount of extractives. Cellulose is the essential component and belongs to an isotactic b-1, 4-polyacetal of cellubiose ( Fig.1 ). The high degree of crystallinity of cellulose, as well as, the tridimensional reticulate structure of lignin make natural vegetable fibres far from thermoplastic materials. However, the crystalline structure of cellulose might be disrupted by substituting its hydroxyl group with some chemical reagent. This decrystallization process helps to improve thermoplasticity of cellulose since the substitution groups play the role of plasticiser. Etherification, esterification and graft-copolymerisation are proved to be effec-tive ways to introduce plasticisation into cellulose [8] [9] [10] [11] , therefore, natural fibres could be converted into thermoplastic materials by using these techniques.
The objective of this work is to demonstrate the feasibility of natural fibre composites. Acrylonitrile is selected as the etherification reagent to convert natural fibres into thermoplastics. Effect of post-treatment of cyanoethylated natural fibres using chlorine solution, which is believed to be a measure to further enhance thermoplasticity, on thermal flowability of the fibres, and mechanical properties of the composites are examined, respectively.
EXPERIMENTAL
Pine sawdust and chopped sisal reacted with acrylonitrile (AN) using 4% NaOH aqueous solution saturated by NaSCN as swelling agent and catalyst at 40 o C [8] . Then, the cyanoethylated products reacted again with dilute chlorine solution at a concentration range of 0.03~0.16% in an air tight reactor. After purification, these modified natural fibres were ready for being used as composite matrix resins.
To produce short fibre composites, unidirectional composites and cross-ply laminates, short sisal fibre and short ramie fibre (5-12 mm long) as well as continuous sisal fibre were mixed with the chlorinated cyanoethylated pine sawdust and/ or chlorinated cyanoethylated sisal, respectively. The mixtures were molded into sheets by hot press at 160 o C under the pressure of 50MPa.
A Nicolet DX-10 Fourier transform infrared However, the actual mechanism of the cyanoethylation should be rather complicated because natural fibre is not neat cellulose after all. Similarity, chlorination of the fibres is also not a simple process and the main reactions involve degradation and substitution reactions. After cyanoethylation and chlorination, chemical structure of the natural fibres is changed as reflected by the FTIR spectra in Fig.2 . In comparison with the spectrum of original pine sawdust, an absorption peak at 2240 cm -1 due to nitrile ( & 1 © ) stretching appears in the spectra of the modified versions. In addition, peak intensity of hydroxyl absorption at around 3400 cm -1 diminishes, while that of aliphatic C-H stretching at about 2900 cm -1 increases. Clearly, these phenomena can be attributed to the substitution of -CH 2 CH 2 CN for hydroxyl groups. On the other hand, both spectra 2 and 3 are quite To assess the fundamental processability of the modified natural vegetable fibres, flow temperature (defined as the temperature at which materials in mold begin to flow during heating under the given pressure) was determined ( Fig.3(a) ). It is seen that flow temperature decreases with a rise in the concentration of chlorine solution. That is, thermal flowability of the fibres is raised by breaking down the tridimensional network of lignin. Fig.3(b) illustrates the mechanical properties of the molded plates of the cyanoethylated pine sawdust that was post-treated by chlorine solution prior to molding. Compression molding was carried out at the flow temperature in response to the chlorine concentration shown in Fig.3(a) . Both flexural modulus, E, and flexural strength, s b , are found to increase at low concentration regime and decrease when concentration of chlorine solution is higher than 0.11%. The reason might be that chlorination reaction with high concentration of chlorine solution severely damaged the original structure of the vegetable fibre and gave rise to striking chain scission of cellulose. Similar results can be observed in modified sisal.
Based on the data of Fig.3 , the processing variables for manufacturing fibre composites are determined: concentration of chlorine solution=0.05% and molding temperature = 160 o C. Mechanical properties of the composites of various compositions, fibre lengths and arrangements are shown in Fig.4 and Table 1 . Evidently,the whole natural fibre composites are comparable with other natural fibre or even glass fibre reinforced polymer composites ( Table 2) . From Fig.4 , it is seen that flexural modulus increases with a rise in reinforcing fibre fraction and flexural strength peaks at 10 wt% of fibre loading, which follows the common law of short fibre composites. Considering that the strength and stiffness of ramie are higher than those of sisal, higher reinforcing efficiency should also be perceived in short ramie fibre composites but this is not the case for the flexural strength when plasticised pine sawdust is employed as matrix resin (Fig.4) . The above deduction is tenable only in the case of short ramie reinforced plasticised sisal ( Table 1 ). The deviation might result from differences in flow ability and wettability of different composite systems.
For short sisal fibre/plasticised sisal, flexural strength of the composite filled with 30 wt% re- 
CONCLUSIONS
By means of cyanoethylation natural vegetable fibre can be converted into thermoplastic material, and chlorination can further improve its thermal flowability (it should be emphasised that the employment of a rather low concentration of the chlorine solution coupled with an air tight reactor minimised possible air pollution). On the basis of this, natural vegetable fibre reinforced plasticised natural vegetable composites can be manufactured in different forms by the technique available for conventional thermoplastic composites and exhibit moderate strength and modulus. As the whole natural fibre composites are newly developed, a series of fundamental problems, such as plasticising methods, thermoplastic mechanism of the fibres, interfacial structure and biodegradation ability of composites, should be studied in the future.
